Mg substituted cobalt ferrite spinel powder samples with the general formula Mg x Co 1 − x Fe 2 O 4 (x = 0 to 0.25) were synthesized chemically through sol-gel method and annealed at 1100°C for 2 h. They were initially screened for the structural and morphological properties by X-ray diffraction and field emission scanning electron microscopy, respectively. Vibrational properties of the samples were studied by Raman and infrared spectroscopies. X-ray diffraction confirmed the formation of single pure or near-pure phase with cubic spinel structure for all the samples with expected occupancy values. The field emission scanning electron microscopy revealed a decrease in the particle size with an increase in Mg concentration. Both structural and magnetic properties of the samples were characterized using Mössbauer spectroscopy while the magnetic properties were studied using vibrating sample magnetometry. The changes in magnetic moment of ions, their coupling with neighboring ions and cation exchange interactions were confirmed from the Mössbauer spectroscopy analysis. Saturation magnetization and coercivity values can be explained based on the Slater-Pauling curve. The magnetometry results showed a decrease in saturation magnetization of the samples with increase in Mg concentration.
Introduction
Cubic spinel ferrites exhibit excellent magnetic and electrical properties suitable for data storage devices, magnetic sensors, actuators, targeted drug delivery and medical diagnosis applications [1] [2] [3] [4] . In addition to the high electrical resistivity and good magnetic properties, ferrites are used as an excellent core material for power transformers in electronics and telecommunications [5, 6] . CoFe 2 O 4 , a member of this spinel family, has unique magnetic properties with high coercivity, moderate saturation magnetization, large magnetic anisotropy, high chemical stability, wear resistance and electric insulation [7] [8] [9] [10] .
Spinel ferrites can be generally categorized into three types based on the occupancies of cations at the tetrahedral (Th-or A-) and octahedral (Oh-or B-) interstitial sites as normal, inverse and mixed * E-mail: praveenajoy777@gmail.com spinels. The normal spinel has all the divalent (A) cations on the tetrahedral (Th-) sites and the trivalent (B) cations on the octahedral (Oh-) sites which can be represented as (A) tet [B 2 ] oct O 4 . The inverse spinel, has the divalent cations occupying (Oh-) sites and trivalent cations are divided among the Th-and remaining Oh-sites which can be represented as (B) tet [AB] oct O 4 . The third category is mixed spinel with cation distribution denoted by (A x B 1 − x ) tet [A 1 − x B 1 + x ] oct O 4 with an interchange of cations among the tetrahedral and octahedral occupancies with a possibility to control the properties by selecting a substituent and an appropriate synthesis method. Several methods, such as co-precipitation, thermal decomposition, sol-gel and microemulsion, have been employed for the synthesis of CoFe 2 O 4 powders with controlled properties (via cation occupancies) depending on the method of preparation [11] [12] [13] [14] [15] [16] [17] [18] .
The properties of this ferrite can be tuned via substitution by non-magnetic cations (such as Mg 2+ ) and it was observed that Mg 2+ ions occupy B-sites due to their strong tendency towards B-sites [19, 20] . The number of intersite cations exchanged between tetrahedral and octahedral sites is equivalent leading to disorder in the long range ordering [21] . The magnetic behavior of CoFe 2 O 4 is due to the super exchange interaction between the distributed cations and bond lengths [22, 23] . The bond length at A-site is abnormally long compared to B-site [24] . Substitution of Mg in cobalt site can lead to three possible co-ordinations such as: with A-or B-or AB-sites mediated by oxygen ions [25] [26] [27] . In the present study, we have investigated the structural, magnetic and spectroscopic properties of Mg-substituted CoFe 2 O 4 prepared by sol-gel method. The stoichiometric amounts of the starting materials were dissolved in 10 mL of methanol in a borosil beaker. The beaker was kept on a hot plate maintained at 80°C and the content was mixed thoroughly using a magnetic stirrer till gel formation. The process of heating at 80°C, while stirring was continued which finally resulted in dark reddish brown gel formation after heating for ∼3 h to 4 h, resulting in the conversion of the gel to ash powder. The powder was calcined at 450°C for ∼1 h to remove the volatile components. The samples were ground and annealed at 1100°C at a rate of 5°C per minute for 2 h in order to obtain the final product.
Experimental
Crystal structure of the synthesized samples was studied by X-ray diffraction (PANalytical, CuKα (λ = 1.54056 Å)). The diffraction data were collected in the detector angle 2θ range of 10°to 90°with a step size of 0.0263°. The crystalline phases in the samples were identified by generating simulated patterns using crystallographic information files (CIF) from inorganic crystal structure database (ICSD) and matching to experimental XRD data. Rietveld refinement [28] of the XRD data was carried out using the program FullProf [29] to extract structural and compositional details as well as the phase partitioning of constituents in the sample. During the refinement, instrumental error corrections were considered. For the refinement, Thomson-Cox-Hastings profile was adopted. The lattice parameters, scale factor, full width at half maximum (FWHM) of the Bragg reflections from the phases were refined. The quality of the fit to the observed XRD patterns were assessed by the Rietveld agreement factors: R-pattern factor (R p ), R-weighted pattern factor (R wp ), R-expected (R exp ) and χ 2 [28] . The quality of the fit was good with χ 2 between ∼1 and 2.5. The refined lattice parameters and occupancy factors of cations in the cubic spinel interstitials were obtained. The crystallite sizes were estimated using Scherrer method [30] . The Rietveld refined XRD patterns are shown in Fig. 2 and the results after refinement are tabulated in Table 1 .
Field emission scanning electron microscope (FE-SEM, Germany) was used to study the surface morphology. The coercivity and the saturation magnetization were determined by a vibrating sample magnetometer (Lakeshore, USA). 57 Fe Mössbauer spectroscopy (SEECO, USA) was used to study the local magnetic ordering and magnetic behavior. All the synthesized samples (i.e. x = 0, 0.05, 0.1, 0. 15, 0.2 and 0.25) were characterized by 57 Fe Mössbauer spectroscopy in transmission mode. The spectra were recorded by using a gas proportional counter. The velocity of Mössbauer drive was calibrated using α-Fe foil at RT. The spectra obtained were least square fit using "NORMOS" program [44, 45] . The Mössbauer lines were fit with Lorentzian profile. The spectra after the least square fit are shown in Fig. 7 . The Mössbauer spectral parameters such as isomer shift (IS), quadrupole splitting (QS), magnetic hyperfine field (B hf ) and spectral area were obtained and tabulated in Table 4 . All the isomer shifts were given with respect to the 57 Co-source (Rh-matrix) that produces an isomer shift of −0.106 mm/s relative to the source. The qualitative phase analysis of the samples was done by FT-IR spectroscopy (PerkinElmer, USA). Raman spectroscopy (WiTec, Japan) was used to characterize the lattice distortion, local cation distribution and vibrational modes of the spinel structure.
Results and discussion

X-ray diffraction XRD and Rietveld refinement
All the samples showed the formation of cubic spinel ferrite (for intended phase) with Fd-3m structure (Fig. 2) . The pristine CoFe 2 O 4 is a cubic mixed spinel with lattice parameter typical of nanosized sample [31] With Mg 2+ substitution, the lattice parameter showed a very slight decreasing trend in value. This has been expected as Mg 2+ has ionic radii 0.57 Å in tetrahedral coordination which substitutes for the only slightly bigger Co 2+ ion in A-site (0.58 Å) [32, 33] at moderate dopant concentration (up to x = 0.25). However, there exists a discrepancy in lattice parameter variation with substituent concentration in our samples as the synthesis conditions and post-synthesis annealing temperatures could be slightly different. Also, a few samples (Table 1) showed the formation of a small amount of impurity phase, like in samples x = 0.15 and x = 0.2. However, in the case of sample x = 0.15, there was no obvious impurity phase; a close inspection showed the formation of another cubic spinel phase in addition to the intended phase Co 0.85 Mg 0.15 Fe 2 O 4 , which agreed with the lattice parameters of CoFe 2 O 4 [34] . The amount of CoFe 2 O 4 phase was estimated to be in a similar proportion to that of the intended doped phase. The sample x = 0.2 showed the trace presence of hematite phase (∼1.8 wt.%). As this impurity phase formation is not consistent with substituent concentration, the observed deviation can be attributed to the possible variation in synthesis or post synthesis heat treatment conditions of the said samples. The crystallite sizes were estimated by Scherrer formula from the (3 1 1) peak in the case of spinel ferrite phase while for hematite phase, the most intense (1 0 4) Bragg reflection was chosen. The peak widths were obtained from Rietveld refinement results for each phase. The crystallite sizes of all the identified phases are listed in Table 1 . The samples are nanosized with crystallite sizes between 30 nm to 85 nm.
In the Rietveld refined XRD plots of samples (Fig. 1) , the samples which have CoFe 2 O 4 phase along with intended substituted spinel ferrite phase are indexed only for the intended phase, since both phases have nearly overlapping Bragg positions. clear bands, characteristic of cubic spinels which correspond to the vibrations of the Th-and Ohinterstitial complexes. The strong absorption bands ν 1 (∼500 cm −1 to 650 cm −1 ) and ν 2 (∼400 cm −1 to 490 cm −1 ) observed in the FT-IR are assigned to the intrinsic stretching vibrations of metal oxygen bond at the tetrahedral site M tet -O and to the stretching vibrations of metal oxygen bond at the octahedral sites M oct -O, respectively [35] . Replacing Co 2+ with non-magnetic Mg 2+ ions at the octahedral sites and the resultant displacement of Fe 3+ ions to tetrahedral sites result in the slight shifting of absorption band positions towards higher frequency. This shifts of frequencies ν 1 and ν 2 are due to the replacement of Mg 2+ , which slightly influences the metal-oxygen force constants in the tetrahedral and octahedral sites. The bands at around 1600 cm −1 and 2400 cm −1 (Fig. 4) are assigned to the O-H stretching and H-O-H bending vibration modes of atmospheric water molecules (moisture content in the samples). 
Fourier transform infrared (FT-IR) spectroscopy
Raman spectroscopy
(1) Out of these modes, five Raman active optical modes (A 1g + E g + 3F 2g ) and four infrared active optical modes (4F 1u ) in CoFe 2 O 4 are observed [36] . Report from previous work [37] states that Raman mode at 694 cm −1 (high frequency) is considered to be the mode with A 1g symmetry, which is assigned to the tetrahedral-site. The peak at 475 cm −1 is assigned to the octahedral site mode. Fe 3+ ions in tetrahedral sites move to octahedral sites while Co 2+ ions at octahedral sites move to tetrahedral sites during cation migration ν 4 ( Fig. 5 ) are attributed to the tetrahedral sites in which four modes correspond to Raman active, while two modes are IR active. The absence of strong modes at 407 cm −1 in Raman spectra for the octahedral sites proves that either of the modes (ν 3 or ν 4 ) is strong in IR active region and weak in the Raman spectra [40] . 
Magnetic properties
The magnetic properties of Co 1 − x Mg x Fe 2 O 4 (x = 0.05 to 0.25) samples annealed at 1100°C for 2 h, were characterized at room temperature using a vibrating sample magnetometer. The M-H curves (Fig. 6a) were analyzed to extract magnetic information about the samples, such as the saturation magnetization (M s ), remanence (M r ) and coercivity (H c ). The magnetization of a sample is decided by the interaction between (inter-sublattice) and amongst (intra-sublattice) magnetic moments present at the tetrahedral (A) and octahedral (B) sites. At room temperature, ferromagnetic behavior has been exhibited by all the samples and hysteresis loops were observed. The samples exhibit progressive magnetic softening with increasing Mg-content in the lattice. The high magnetic field (H = 15 kOe) is insufficient to completely saturate Mg-substituted CoFe 2 O 4 samples resulting in steady linear increase in magnetization up to the applied field value of 15 kOe (Fig. 6a) . In Table 3 , the values of coercivity (H c ) and saturation magnetization (M s ) are provided. (Fig. 6) . Due to the change in average atomic magnetic moment followed in SlaterPauling curve [41] , there is a rise in M s of the samples (except Co 0.8 Mg 0.2 Fe 2 O 4 ) with an increase in Co/Fe [42] that takes place when the Co/Fe ratio is lower than 0.25. In compounds containing 3d transition metal atoms, the lattice parameters play a prominent role in deciding the magnetic interaction [43] . We notice that with an increase in magnesium concentration, there is a decrement in lattice parameter due to the smaller atomic radius of Mg (1.45 Å) compared to that of Co (1.52 Å).
Mössbauer spectroscopy
The Mössbauer spectra (Fig. 7) as slightly reduced B hf values, which progressively decrease with increasing substituent content (Table 4 ). This has been expected as the Mg 2+ is non-magnetic, which magnetically dilutes the sub-lattices, reducing the super-exchange interaction. This is in accordance with the magnetization studies, where M S values showed a decreasing trend with an increase in Mg content (Fig. 6 ).
The ratio of crystalline sub-spectral area of A-site to B-site shows an increasing trend ( 
Conclusions
Polycrystalline Mg-substituted CoFe 2 O 4 samples were successfully synthesized by sol-gel method followed by thermal treatment. X-ray diffraction studies confirmed the formation of pure or near-pure phase samples (the intended phase was cubic spinel ferrite; space group Fd-3m), while a few samples showed trace amount of impurity phases. FT-IR spectroscopy supports the supposition that cations migrate between the octahedral and tetrahedral sites on Mg 2+ substitution. Raman spectroscopy confirms obtaining the products with cubic spinel structure. The cation distribution estimated from Mössbauer data are 
